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Abstract  
Volatile organic halocarbons play a significant role in the biogeochemical cycling of 
halogens in the atmosphere. High frequency, in situ measurements of methyl iodide (CH3I), 
bromoform (CHBr3), dibromomethane (CH2Br2) and methyl bromide (CH3Br) were measured in 
the marine boundary layer at Cape Point, South Africa by an automated Absorption Desorption 
System-Gas Chromatography-Mass Spectrometer (ADS-GC-MS) between January and 
November 2017. These are the first multi-halocarbon measurements recorded at Cape Point and 
represent the longest time series to date. Baseline wind conditions were established using both 
wind direction and radon (222Rn) concentration as markers of clean air. The baseline mixing 
ratios observed were 0.61 ± 0.29, 2.02 ± 0.89, 1.08 ± 0.17 and 6.09 ± 0.50 ppt, for CH3I, CHBr3, 
CH2Br2, and CH3Br, respectively. A statistically significant difference in short-lived halocarbon 
occurrence was established between anthropogenically affected and clean marine air masses for 
CH3Br at the Cape Point site. The CHBr3 and CH2Br2 mixing ratios were not statistically 
different (p > 0.05) when comparing the anthropogenically affected and clean marine air masses. 
The mixing ratios of CH3I suggested a strong seasonal variation with higher production in austral 
Summer-Autumn months than in the austral Winter-Spring months. A general chemical decay 
line was calculated for baseline CH2Br2 and CHBr3 measurements at Cape Point. An analysis of 
the ln([CH2Br2]/[CHBr3]):ln([CHBr3]) ratio for the Cape Point dataset exhibited a slight 
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deflection to the right of the general chemical decay line, suggesting the influence of greater 
[CHBr3]:[CH2Br2] source ratios rather than their dilution.  
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1. Introduction  
 Volatile organic halocarbons e.g. CH3I, CHBr3, CH2Br2 and CH3Br, are pivotal to the 
biogeochemical cycling of halogen species between the ocean and the atmosphere (Quack and 
Suess, 1999; Quack and Wallace, 2003; Carpenter and Nightingale, 2015). Some of these 
halocarbons, e.g. CH3I, CHBr3 and CH2Br2 form part of a suite of atmospheric trace gases 
known as very short-lived substances (VSLS), with comparatively short atmospheric lifetimes of 
days to months (Carpenter and Liss, 2000; Montzka and Reimann, 2011; Carpenter and 
Reimann, 2014; Carpenter and Nightingale, 2015). VSLS which are mainly produced in the 
ocean, are outgassed into the marine boundary layer. The lifetimes of CH3I (~ 4 days), CHBr3 
(~15 days), CH2Br2 (~94 days) and CH3Br (~292 days) are long enough to allow them to be 
transported to the free troposphere and in some cases subsequently the stratosphere via deep 
convection events (Montzka and Reimann, 2011; Carpenter and Reimann, 2014; Fuhlbrügge et 
al., 2016). Transport into the free troposphere is significantly enhanced over the tropical oceans 
through tropical storms and cyclones (Krüger and Quack, 2013; Carpenter and Reimann, 2014; 
Fuhlbrügge et al., 2016). Reactive bromine and iodine radicals, released from the photolytic 
degradation of photolabile VSLS, may contribute to catalytic destruction cycles leading to ozone 
depletion in both the stratosphere and troposphere (Vogt et al., 1999; Carpenter and Liss, 2000; 
Montzka and Reimann, 2011; Saiz-Lopez et al., 2012; Carpenter and Reimann, 2014). In the 
marine boundary layer, catalytic ozone depletion can be initiated by reaction with IO, which can 
also modify the OH/HO2 and NO/NO2 cycles (Read et al., 2008; Jones et al., 2009). The 
atmospheric lifetimes of several climatically important trace gases (e.g. CH4, CO2) are controlled 
by the OH/HO2 and NO/NO2 cycles (Vogt et al., 1999; Carpenter, 2003; Bloss et al., 2005; Read 
et al., 2008; Jones et al., 2009). 
   Until recently, it was postulated that stratospheric loading of inorganic bromine with mixing 
ratios of 22.5 ppt (range of 19.5 to 24.5 ppt) was thought to be derived mostly from long-lived (> 
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6 months) bromocarbon species e.g. CH3Br, H-1211 and H-1301 (Montzka and Reimann, 2011; 
Aschmann and Sinnhuber, 2013; Robinson et al., 2014). However, attention is increasingly being 
focused on short-lived biogenic VSLS as evidence mounts from both observations and modelling 
studies that other, as yet undetermined, biogenic sources of VSLS must contribute to 
atmospheric bromine mixing ratios (Fuhlbrügge et al., 2016; Yokouchi et al., 2017). The 
biogenic sources contribute ~50% of the bromine present in the atmosphere and the global 
contribution to stratospheric halogen loading from the VSLS bromine compounds is estimated at 
5 ppt (range of 2 to 8 ppt) (Carpenter and Reimann, 2014).  
The main sources of biogenic VSLS and CH3Br, reported are marine macroalgae and 
phytoplankton, with the former a more prolific source than the latter (Manley et al., 1992; 
Carpenter and Liss, 2000; Jones et al., 2009). Based on laboratory studies and in situ assessments 
(Manley and Dastoor, 1987; Ginger et al., 1992; Manley et al., 1992; Goodwin, 1996), Goodwin 
et al. (1997) estimated the emissions of CHBr3, CH2Br2 and CH3Br into the atmosphere from 
macroalgae e.g. kelp, as 3.1– 48 Gg Br yr-1. Non-kelp macroalgae are projected to contribute a 
further 0.82 – 32 Gg Br yr-1 into the atmosphere, via CHBr3 and CH2Br2, with an additional 9.5 – 
140 Gg Br yr-1 discharged as CHBr3 from polar macroalgal communities (Goodwin et al., 1997). 
Coastal populations of marine phytoplankton are reported (Sæmundsdóttir and Matrai, 1998) to 
be one of the major sources of CH3Br (1.21 – 3.72 Gg Br yr
-1, Manley and Dastoor, 1987; 
Reeves and Penkett, 1993; Butler, 1995).  
The ocean is the main source of the volatile iodinated compounds present in the atmosphere. 
The production of CH3I by macroalgae and ice algae from coastal and polar regions respectively, 
is well established (Carpenter et al., 1999; 2000; Giese et al., 1999). Open ocean phytoplankton 
species e.g. Prochlorococcus sp. have also been shown to be contributors to the estimated global 
flux of 0.6 Mmol CH3I yr
-1 (Brownell et al., 2010). The photochemical production of CH3I in the 
open ocean has been widely hypothosised (e.g. Happell et al., 1996; Palmer and Reason, 2009; 
Stemmler et al., 2014). The photolytic production of CH3I is assumed to be proportional to the 
solar radiation and the amount of dissolved marine organic matter (Moore and Zafiriou, 1994; 
Happell and Wallace, 1996). Therefore, photolytic production may be important in the open 
ocean, away from high planktonic concentrations associated with coastal and nutrient rich 
upwelling regions (Moore and Zafiriou, 1994; Happell and Wallace, 1996).  
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There are also significant additional terrestrial contributions, both natural and anthropogenic, to 
the global input of CH3Br including inter alia wild fires and biomass burning (Manö and 
Andreae, 1994; WMO, 1995), tropical plants, fungus, and leaf litter (Lee-Taylor and Holland, 
2000), motor vehicle emissions, as well as general industrial activities (Khalil et al., 1993). The 
discharge into the atmosphere from the agricultural practice of large scale soil fumigation has 
been phased out under the Copenhagen Amendment to the Montreal Protocol (Yvon-Lewis et al., 
2009; Carpenter and Reimann, 2014). The mean tropospheric CH3Br mixing ratios had dropped 
to 7.0 ± 0.1 ppt by 2012 due to the implementation of the Montreal Protocol. One major 
exception to the ban on CH3Br use was in the form of quarantine and pre-shipment (QPS) 
fumigation with no substantial change in emissions for QPS purposes since then (Carpenter and 
Reimann, 2014). Thus QPS fumigation would appear to be the dominant anthropogenic source to 
the atmosphere. Furthermore, the oceanic source and sink for CH3Br have become comparable in 
magnitude (Carpenter and Reimann, 2014). Coastal nuclear power stations are suggested to be an 
additional minor anthropogenic source of CHBr3. In nuclear power stations, CHBr3 is a by-
product from the reaction of HOCl (produced during the chlorination process used to prevent 
fouling of seawater fed cooling condensers), with bromine and dissolved organic matter (humus) 
in the coolant seawater (Quack and Wallace, 2003; Yang, 2001).  
Our understanding of the sources and sinks of these biogenic halocarbons and their 
contributions to regional and global atmospheric halogen budgets, remains limited (Ziska et al., 
2013). Regional and global models are mostly used to address the deficiencies in physical data 
measurements of these compounds in the atmosphere (e.g. Palmer and Reason, 2009; Hossaini et 
al., 2010; 2013; 2015; Ashfold et al., 2014). However, these models a-priori sources emerging 
from the oceans surrounding South Africa are still largely unknown. High frequency in-situ 
measurements of anthropogenic and biogenic halocarbons at the Cape Point Global Atmospheric 
Watch (GAW) station are the first of its kind from southern Africa. There has been one recent 
short-term study of atmospheric CHBr3 mixing ratios at Cape Point (Kuyper et al., 2018) but 
more extensive data of are required.  
The GAW station is situated in a region of high marine biomass and biodiversity of largely 
endemic marine species arising from the unique arrangement of the large, warm Agulhas current 
flowing to the south and the cold Benguela, a northward-flowing current to the west. In addition, 
sporadic upwelling events of nutrient rich cold water occur as part of the Benguela system along 
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the west coast of the Cape Peninsula to Namibia. Due to the seasonal wind directions, these 
events happen more predictably in summer. Cold, nutrient rich water is drawn to the surface and 
these events contribute to the rich biodiversity of largely endemic marine species found in this 
region (Pitcher et al., 1992; Sakko, 1998; Louw et al., 2016). Extensive kelp beds, contribute 
significantly to the biomass and are found along the entire west coast of South Africa, including 
Cape Point (Anderson et al., 2007). Some of these kelp beds are exposed to the atmosphere 
during low tide. The production of VSLS by marine macroalgae have been shown to increase 
during periods of partial desiccation and oxidative stress (Nightingale et al., 1995; Jones et al., 
2009; Bravo-Linares et al., 2010). Carpenter et al., (2009) have also drawn attention to the 
possible impact of different marine environments on VSLS production. Sea-air fluxes of VSLS 
from four different marine environments are proposed to decrease as follows: coastal > 
upwelling waters > continental shelf > open ocean (Carpenter et al., 2009). The production of 
VSLS from the rich algal biodiversity around the Cape peninsula is hitherto unknown and this 
study makes a first contribution to our understanding of possible new sources of these 
compounds.  
  
2. Experimental   
 
2.1 Cape Point Sampling site 
 
The Cape Point Global Atmospheric Watch (GAW) station (34.5 ºS 18.2 ºE) is situated in a 
nature reserve approximately 60 km south of the city of Cape Town on a high point (230 m 
above sea level) adjacent to the south western tip of Africa. The latitude of the station also 
closes, in part, a southern hemisphere latitudinal gap in atmospheric trace gas measurement sites 
between Cape Matatula (14 ºS, 171 ºW) in American Samoa and Cape Grim (41 ºS, 145 ºE) in 
Tasmania, Australia (Brunke and Halliday, 1983). More details about the site description can be 
found in Labuschagne et al. (2018). 
The site of the GAW station receives clean marine air from the south Atlantic and Southern 
Ocean via strong south easterly to south westerly winds, especially dominant in the austral 
summer (Brunke et al., 2004; Labuschagne et al., 2018, Fig. 1a) due to the presence of the South 
Atlantic High Pressure system situated south west of the sub-continent from November to May 
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(Preston-Whyte and Tyson, 1993; Garstang et al., 1996; Tyson and Preston-Whyte, 2000). The 
retreat of the South Atlantic High Pressure system towards the equator during the austral winter 
(June to August, Preston-Whyte and Tyson, 1993; Garstang et al., 1996) results in the 
intensification of westerly and north westerly winds (Fig. 1b); often bringing rain to the Cape 
peninsular (Brunke et al., 2016). North westerly winds also occasionally deliver polluted air from 
the city of Cape Town to the Cape Point GAW station (Brunke et al., 2016).  
 
Fig. 1. Wind roses of the wind speed and direction over the two sampling periods at Cape Point 
in 2017. a) Sum-Aut (January – May); b) Win-Spr (June – November).  
 
2.2. Measurement Technique 
 
 The Agilent 6890/5973 Gas Chromatograph-Mass Spectrometer (GC-MS) deployed to Cape 
Point for the analysis of air samples was fitted with a customised adsorption desorption system 
(ADS) and had been used extensively at Mace Head, Ireland (53 ºN, 10 ºW) (Simmonds et al., 
1995). The ADS autonomously pre-concentrated and injected air samples and calibration 
standards onto a J&W Scientific CP Sil-5 (100 m x 0.32 x 5 µm) GC column. A micro trap, 
containing a triple adsorbent bed comprised of Carbotrap B (3 mg), Carboxen 1003 (5 mg) and 
Carboxen 1000 (4 mg) (O’Doherty et al., 1993; Sturrock et al., 2001), was cooled to -50 ºC using 
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triple cascade Peltier plates during the trapping phase (Sturrock et al., 2001). Direct ohmic 
heating was applied to the trap to raise the temperature to 240 °C and desorb compounds directly 
on to the head of the column. Initially the GC-MS was set to analyse samples under total ion 
chromatogram (TIC) to allow for the identification of compounds based on their full breakdown 
spectra and retention times. Using the target and qualifier ion information gained from the TIC 
analysis the GC-MS was set to single ion monitoring (SIM) mode for subsequent analyses (Table 
1). SIM mode still allows discrimination between co-eluting species, by selectively focusing only 
on a few ions a better signal to noise ratio is obtained for the species of interest resulting in more 
precise measurements. A carrier gas flow rate (helium 5.0, Air Liquide) of 1.8 ml min-1 was used 
to elute the halocarbons controlled by a temperature programme with both isothermal (30 ºC, 12 
min.) and temperature gradient (10 ºC min-1 to 150 ºC) periods. 
 
Table 1. Target ion and qualifier ions for analysis and monitoring.  
Compound Target Ion Qualifier Ion(s) Precision (RSD) 
CH3I  127 - 5.14 % 
CHBr3 173 171 1.90 % 
CH2Br2 174 93, 94 2.47 % 
CH3Br 94 96, 81 2.27 % 
 
Samples were drawn from the atmosphere at ~17 l min-1 through a 15 m x ¼” OD stainless 
steel sampling line by means of a diaphragm pump (GAST, Miniature Diaphragm Pump 22D), 
with excess gas vented. Dust and rain were excluded from the sampling line via an inverted 
stainless steel cup system at the head of the sampling line at 4 m above ground level.  
A standard tank (34 l, Essex Cryogenics), was filled at Mace Head, under baseline conditions, 
using a clean compressor (HSM Engineering, Authentic Air Compressor, model 1S3B-6EH-
AQS, a version of the Rix Industries, USA, model SA-6 compressor built under license in the 
UK) in early 2017, following Fraser et al. (1999), Prinn et al. (2000), and Sturrock et al. (2001). 
The tank was analysed at Mace Head on an Advanced Global Atmospheric Gases Experiment 
(AGAGE) Medusa GC-MS (Miller et al., 2008; Arnold et al., 2012) to assign calibrated mixing 
ratios. This provides a direct comparison for CH3Br against the AGAGE SIO-05 scale. CHBr3, 
CH2Br2 and CH3I are calibrated via AGAGE tank comparisons to National Oceanic and 
Atmospheric Administration (NOAA) calibration scales in Boulder (CHBr3, NOAA-2003; 
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CH2Br2, NOAA-2003; CH3I, NOAA-2004) using SIO tanks T-005B, T-009B and T-102B. 
Following calibration at Mace Head, the standard tank was shipped to South Africa in mid-2017 
for use as a local long- term reference standard.  
A short term working standard tank (34 l, Essex Cryogenics) was filled at Cape Point with a 
clean Rix compressor (SA-6AE), under baseline conditions (wind direction 120º-320º and 222Rn 
< 350 mBq m-3). During filling, the air was dried using Drierite (anhydrous calcium oxide) to 
ensure a water content of < 2 ppm in the working standard tank (Prinn et al., 2000). The cylinder 
was stored for three weeks prior to sampling, to allow for equilibrium of the trace gases. The 
short-term working standard was calibrated fortnightly over a 48 hour period against the long-
term working standard. In this calibration method multiple (ten) samples of each of the short 
term and the long-term working standards were measured and the former working standard was 
quantified. During data acquisition, the working standard and air samples were alternatively 
introduced into the system (a total of 12 data points were acquired in every 24 hour cycle). The 
data acquisition frequency and procedure maintain a high precision by minimising instrument 
drift in the Agilent MSD response. The system precision varied for the different compounds. The 
following precisions were determined from the residual standard deviation of repeated standard 
samples analysed (Table 1).  
The variability in the standards can be driven by a number of factors including elevated 
blanks, carryover from extreme samples and bleed from the Nafion membrane, in addition to 
normal instrumental detection variability. Elevated mixing ratios in the blank samples could 
indicate that there is contamination in the system through either the carrier gas or a leak in the 
system. Some of the compounds of interest might remain on the trap during desorption, 
particularly when elevated mixing ratios are sampled. This can lead to carryover on the trap, 
resulting in a skewed performance of the system. As a precaution against carryover, the trap was 
repeatedly heated to 240 ºC prior to the trapping of the subsequent sample. An assessment of the 
system suggests that neither carryover nor a leak into the system occurs here. The Nafion 
membrane, counter purged with dry nitrogen, was used to dry samples prior to trapping on the 
adsorbent bed. This permeable membrane, concentrically housed in an exterior tube containing 
the dry counter-purge gas, allows water to be drawn out of the air without affecting the mixing 
ratio of the compounds of interest in the sample. Although there is growing concern that the 
Nafion membrane may adsorb some compounds, particularly bromoform, and then desorb them 
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later (O’Doherty/Yokouchi pers. coms.). We have seen no direct evidence of Nafion bleed at 
Cape Point, and the precision of bromoform analysis relative to other species would seem to 
indicate that the effect, if present, is minimal.  
2.3. Air mass characterisation 
 
Complimentary meteorological and radon (222Rn) data from the GAW station supported the 
analysis of the halocarbon measurements reported here (Labuschagne et al., 2018). Air masses 
arriving at Cape Point were categorised based on both wind direction and 222Rn concentration 
(Brunke et al., 2004; Botha et al., 2018). Baseline clean air mass conditions at Cape Point, free 
from anthropogenic pollution, were defined as air masses arriving from a sectorial wind direction 
of 120º - 320º and with 222Rn concentrations of < 350 mBq m-3 (Brunke et al., 2004). Further 
characterisation of arriving air masses was done using 222Rn concentrations with 
anthropogenically modified air defined with a 222Rn concentration of 1000-1500 mBq m-3 and 
continental air as defined as having a 222Rn concentration of >2000 mBq m-3 (Brunke et al., 
2004; Botha et al., 2018). A further category of ultra clean air masses is defined as air masses 
arriving from a sectorial wind direction of 170º - 320º and with 222Rn concentrations of < 100 
mBq m-3 (Brunke, Personal Communications). The data were sorted following the air mass 
characterisation techniques described above.  
HySPLIT back trajectories (https://www.ready.noaa.gov/HYSPLIT.php) were generated 
every two hours for the duration of the data collected in 2017 (Stein et al., 2015). National 
Centres for Environmental Prediction (NCEP) re-analysis meteorological data was used to 
generate the back trajectories. Each trajectory was calculated for 96 hours from the point of 
origin, Cape Point. The halocarbon measurements were paired with the relevant back trajectory. 
The R package “openair” was used to calculate the concentration weighted trajectories (CWT) 
(Carslaw and Ropkins, 2012). This calculation was applied to the halocarbon measurements at 
Cape Point to examine possible source regions (Carslaw and Ropkins, 2012). The CWT 
algorithm calculates the number of trajectories, which have an elevated mixing ratio, that pass 
through the same latitude and longitude position. If a large number of the trajectories (with 
elevated mixing ratios) pass through a particular point, then the likelihood increases that this 




3. Results and Discussion 
 
3.1 Time series of observations  
  
The CH3I, CHBr3, CH2Br2, and CH3Br mixing ratio datasets for Cape Point between January 
and November 2017 are presented in Figure 2. The datasets were split into two periods: late 
austral summer/autumn (Sum-Aut: January-May) and austral winter/spring (Win-Spr: June-
November). The missing data, due to instrumental maintenance in May/June, separates the two 
sampling periods. Occasional increases of short-lived halocarbon mixing ratios were observed 
(Fig. 2). Supporting meteorological data and 222Rn observations indicated that some of these 
increases, particularly in March, and at the end of May and again at the end of July, were 
primarily due to the arrival of anthropogenically modified air from the greater Cape Town 
region. The remainder of the halocarbon mixing ratio increases, were most likely wind direction 
change driven variations reflecting different trace gas sources. The mean background 
atmospheric mixing ratios were comparable with each other for all the species with the exception 
of CH3Br, which was higher in the Cape Town air (Table 2). This observation suggests that there 
may be a significant contribution of terrestrial, biogenic and anthropogenic sources of CH3Br 
measured at Cape Point. Variations in the sources over the two seasonal windows and a 
comparison of background and city air masses are discussed later.   
The seasonal mean atmospheric mixing ratio for CHBr3 was higher in the austral Win-Spr 
(Jul-Nov) than the austral Sum-Aut (Jan-May). Conversely, the mixing ratio of CH3I was lower 
in the austral Win-Spr months and higher in the austral Sum-Aut months. These seasonal 
differences were confirmed to be statistically different using the Welch two sample t-test, viz 
CH3I (t = 32.39, degrees of freedom (DF) = 230, p = 2.2 x 10
-16) and CHBr3 (t = 8.39, DF = 826, 
p = 2.2 x 10-16). For CH3I and CHBr3, this result suggests a local seasonal cycle. Interestingly the 
CH2Br2 and CH3Br mixing ratios were comparable across the two seasonal windows (Table 2), 
viz CH2Br2 (t = 1.08, DF = 739, p = 0.27) and CH3Br (t = 1.25, DF = 799, p = 0.21). Consistent 
sources, independent of the season may play an active role in the similar mixing ratios for 
CH2Br2 and CH3Br observed here (Table 2).  
When the data were sorted for different air mass types, the air mass attributed to the city of 
Cape Town displayed a mean CH3Br mixing ratio that was deemed to be different (statistically 
significant where t= 5.85, DF = 78, p = 1.04 x 10-7) to the mean mixing ratio of CH3Br in the 
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clean marine air (Table 2). This observation is not unexpected given the various anthropogenic 
and terrestrial sources of CH3Br discussed previously. The CH3I, CHBr3 and CH2Br2 mixing 
ratios remained largely consistent between the Cape Town (0.64 ± 0.33, 2.02 ± 0.88, 1.10 ± 0.18 
ppt, respectively) and the clean marine (0.61 ± 0.29, 2.02 ± 0.78, 1.08 ± 0.17 ppt, respectively) 
air masses suggesting the ocean is the main source of these compounds.  
 
 
Fig. 2. Time series of biogenic halocarbons measured at Cape Point from January (austral 
summer) to November (austral spring) 2017. Note: The data missing from May to June 
2017 due to the instrumental maintenance. 
 
Table 2. Short-lived volatile organic halocarbon measurements (ppt) at Cape Point under 
different time and meteorological regimes and their comparison with other southern 
hemispheric measurement data. 
 Conditions  CH3I CHBr3 CH2Br2 CH3Br Ref 
Background 120º > WD < 320º & 
222Rn < 350 mBq m-3  
Mean (sd) 0.61 (0.29) n = 
125 
2.02 (0.89) n = 
150 
1.08 (0.17) n = 
163 
6.09 (0.50) n = 
155 
1 
  Min-max 0.21-1.41 0.60-6.32 0.70-1.92 5.27-8.72 1 
Cape Town 120º < WD > 320º & 
222Rn > 1500 mBq 
m-3 
Mean (sd) 0.64 (0.33) n = 
150 
2.02 (0.78) n =184 1.10 (0.18) n = 
188 
6.44 (0.74) n = 
179 
1 
  Min-max 0.26-2.21 0.61-4.84 0.69-1.90 5.40-9.63 1 
Sum-Aut (all) Jan – Jun Mean (sd) 0.93 (0.25) n = 1.75 (073) n = 369 1.08 (0.19) n = 6.18 (0.73) n = 1 
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175 387 377 
  Min-max 0.58-3.07 0.60-6.32 0.69-1.92 5.27-10.75 1 
Win-Spr (all) Jul - Dec Mean (sd) 0.39 (0.17) n = 
547 
2.18 (0.79) n = 
515 
1.07 (0.16) n = 
547 
6.25 (0.71) n = 
535 
1 
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 Figure 3 shows the 'openair' concentration weighted trajectory analysis for each of the four 
compounds showing their likely origin (Carslaw and Ropkins, 2012). The difference in the fetch 
of the trajectories between Sum-Aut and Win-Spr, which stretches as far south as Antarctica in 
the Win-Spr could be related to changes in the synoptic climatology (Tyson and Preston-Whyte, 
2000). The Sum-Aut period is dominated by strong south-easterly winds driven by the anti-
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clockwise South Atlantic High Pressure (SAHP). The majority of the sources of halocarbons 
measured at Cape Point for both seasonal periods appears to originate from the south Atlantic 
Ocean, north of the Antarctic Polar Front (APF: 50 ºS, Fig. 3). A visual inspection of Figures 3a 
and 3b suggest that there is a significant difference in the sources of CH3I during the Sum-Aut 
and Win-Spr periods. This difference may reflect either increased planktonic or photochemical 
production of CH3I in the south Atlantic ocean during the Sum-Aut period (Moore and Zafiriou, 
1994; Ooki et al., 2015). Given the extensive biomass of subtidal kelp along the South African 
coast, Figure 3c indicates that there is, not unexpectedly, a persistent coastal contribution of 
CHBr3. Further a second source of CHBr3, particularly in the Win-Spr months, may be pelagic 
and aligned with the APF (Fig. 3d). Despite the strong SE wind regime found during the Sum-
Aut months, CH2Br2 and CH3Br displayed a maximum mean mixing ratio from the north-west 
(Fig. 3e and 3h). This may be a contribution from extensive endemic vegetation (fynbos) fires on 
the mountain ranges of the Western Cape and veldfires in the interior of South Africa.  
The halocarbon observations reported here are of significance as this region of the global oceans 
is characterised by a paucity of both oceanic and atmospheric halocarbon data (Ziska et al., 
2013). Interestingly, there has been a single study of the seawater concentrations of the same 
suite of compounds (Abrahamsson et al., 2004) along the Good Hope transect line from Cape 
Town to Antarctica, between 18 ºE and 5 ºW. Ziska et al. (2013) estimated regional sea-air 
fluxes for CH3I, CHBr3 and CH2Br2 from a global set of seawater and air measurements. The 
estimated flux strengths for CHBr3 is weak in the south Atlantic and negative (representing an 
oceanic CHBr3 sink) in the Southern Ocean (Ziska et al., 2013). The approximate position of the 
APF appears to straddle these two regions. The estimated fluxes for CH3I and CH2Br2 are 
positive through the south Atlantic and Southern Ocean. The estimated CH3I sea-air flux, while 
moderate throughout the south Atlantic, decreases in strength south of the APF. A weak CH2Br2 
flux strength in the south Atlantic is contrasted with a stronger flux for this gas south of APF 
(Ziska et al., 2013). The positive or negative direction of the CH3Br sea-air flux depends on the 
saturation state of the seawater (Hu et al., 2010). Given the estimated flux strengths and 
directions of Ziska et al. (2013) and Hu et al. (2010), it would be reasonable to use the study by 
Abrahamsson et al. (2004) as an approximation of location of possible source regions of these 
compounds. However, the results reported from this study are at variance with the observations 
recorded by Abrahamsson et al. (2004), with mixing ratios of brominated and iodinated 
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compounds decreasing between the sub-tropical front (STF) and the APF. Abrahamsson et al. 
(2004) also observed an increase in brominated compound concentrations at, and south of, the 
APF, particularly for CHBr3. The physics and dynamics of these ocean fronts have been studied 
since their discovery in the 1930s (Belkin and Gordon, 1996). Local physical and 
thermodynamic processes play a pivotal role in the strength and position of the frontal 
boundaries in the Southern Ocean (e.g. Belkin and Gordon, 1996; Froneman et al., 2007). 
Furthermore, the Southern Ocean is regarded as a dynamic environment in which there is spatial 




Fig. 3. Concentration Weighted Trajectory (CWT) calculated possible source origins calculated for the 
austral Sum-Aut and the austral Win-Spr for: a-b) methyl iodide, c-d) bromoform, e-f) dibromomethane 
and g-h) methyl bromide arriving at Cape Point. The sub-tropical front (STF), sub-Antarctic Front (SAF) 




3.2. Comparison with other studies 
 
There is one previous set of measurements of CHBr3 taken at the Cape Point observatory 
(Kuyper at al., 2018) from October to November 2011 that reports levels ranging from 
approximately 4 – 64 ppt with a mean value of 24.8 ppt. These data are quite a bit larger than the 
much longer time-series established here, i.e. a mean value of 2.02 ± 0.89 ppt and a range of 
approximately 1- 5 ppt.  It is impossible to cross calibrate the two studies given the difference in 
time between the two (no standard available from the 2011 study) and so the possibility of 
calibration differences cannot be ruled out. However, assuming that instrumental, detection and 
calibration differences do not bias a comparison, the data from Kuyper et al. (2018) are high in 
comparison with other Southern Hemisphere studies (see Table 2) and this study is consistent 
with other data from the Southern Hemisphere. Given the transitory nature of natural sources, it 
is perfectly possible for high levels of CHBr3 to have been observed by Kuyper et al. (2018) in 
2011 but this current study is likely to be more representative of the mean levels and their 
variability at Cape Point. 
 
Inspection of Table 2 shows that in general, levels measured at Cape Point for CH3I, CHBr3 and 
CH2Br2 are comparable with other southern hemisphere measurements. It is well known that 
CH3Br levels have been declining globally (e.g. Carpenter and Reimann, 2014) and so 
measurements made in 1997 (see Table 2) are expected to be larger. Data reported by Hossaini et 
al. (2013) show that there is a seasonal cycle for CHBr3 at the Cape Grim Observatory, peaking 
in February, whereas a similar cycle is not observed at Cape Point, although similar levels are 
reported in both studies. In addition, a weak seasonal cycle for CH2Br2 (around 1 ppt average) 
peaking in winter is reported which is consistent with data in this study. The global model study 




3.3 Relationship between CH2Br2 and CHBr3 mixing ratios  
  
The ratio ln([CH2Br2]/[CHBr3]):ln([CHBr3]), increases with transport from sources due to the 
higher degradation rate of CHBr3 relative to CH2Br2 (Yokouchi et al., 2017). In an atmosphere 
with minimal mixing, a chemical decay line is calculated using the cleanest marine air (Rn < 100 
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mBq m-3) at Cape Point as follows as outlined by Yokouchi et al. (2017).  
 
ln([𝐶𝐻2𝐵𝑟2] [𝐶𝐻𝐵𝑟3]⁄ ) = (𝑘𝐶𝐻2𝐵𝑟2 𝑘𝐶𝐻𝐵𝑟3⁄ − 1) ∙ ln([𝐶𝐻𝐵𝑟3]) + ln([𝐶𝐻2𝐵𝑟2]0) −
𝑘𝐶𝐻2𝐵𝑟2 𝑘𝐶𝐻𝐵𝑟3⁄ ∙ ln([𝐶𝐻𝐵𝑟3]0)         [1] 
 
Where [𝐶𝐻𝐵𝑟3]0 and [𝐶𝐻2𝐵𝑟2]0 represent the initial concentrations and [𝐶𝐻𝐵𝑟3] and 
[𝐶𝐻2𝐵𝑟2] represent the final concentrations of CHBr3, and CH2Br2, respectively. 𝑘𝐶𝐻𝐵𝑟3 and 
𝑘𝐶𝐻2𝐵𝑟2 are the pseudo first order rate constants for the decay of CHBr3, and CH2Br2 which were 
calculated using their lifetimes of 123 days and 24 days, respectively (Montzka and Reimann, 
2011; Yokouchi et al., 2017). The gradient ([CH2Br2]/[CHBr3]-1) and intercept of the decay 
line (ln([𝐶𝐻2𝐵𝑟2]0) − 𝑘𝐶𝐻2𝐵𝑟2 𝑘𝐶𝐻𝐵𝑟3⁄ ∙ ln([𝐶𝐻𝐵𝑟3]0)), are determined to be -0.72 and -0.07, 
respectively. Thu the chemical decay line at Cape Point can be defined in aged air by the 
following equation:  
 
ln([𝐶𝐻2𝐵𝑟2] [𝐶𝐻𝐵𝑟3]⁄ ) = − 0.72 ∙ ln([𝐶𝐻𝐵𝑟3]) − 0.07     [2]  
 
Deviations from the general decay rate suggests either variations in the source strength or 
atmospheric mixing (dilution). According to Yokouchi et al. (2017), the mixing or dilution of 
CHBr3 and CH2Br2 in the atmosphere would cause a slight shift to the left of the chemical decay 
line, while a shift to the right of the chemical decay line suggests higher [CHBr3]:[CH2Br2] ratios 
in sources. In this study, across the entire times series the ln([CH2Br2]/[CHBr3]):ln([CHBr3]) 
ratio for Cape Point is shifted to the right of the general chemical decay line, represented by the 
dashed line in Figure 4a. The linear regression of the entire time series, with a gradient of -0.67, 
suggests greater [CHBr3]:[CH2Br2] ratios in the local sources at Cape Point. Seasonal analysis of 
the ln([CH2Br2]/[CHBr3]):ln([CHBr3]) ratio suggests slightly greater [CHBr3]:[CH2Br2] source 
ratios in Sum-Aut (gradient -0.61; Figure 4c), compared with Win-Spr (gradient -0.66; Figure 
4b). Given that the lifetime of bromoform will decrease relative to dibromomethane in the 
summer, the increase in the ratio is evidence of a non-negligible increase in bromoform 
emissions compared with dibromomethane for the summer-autumn period. Increased local 
marine bioactivity but also local biogenic terrestrial sources could well explain this increase. The 
strong southerly winds that dominate through the austral Sum-Aut months most likely result in 
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increased emission fluxes from the extensive kelp beds surrounding Cape Point. The back 
trajectory analysis suggests that the higher mixing ratios are closer to shore. During the austral 
Win-Spr months north-westerly winds dominate, which draws air from over the kelp beds to the 
north of Cape Point, allowing  the ageing of the air mass and this results in a gradient that more 
closely matches the general decay line. Overall the ln([CH2Br2]/[CHBr3]):ln([CHBr3]) ratio 
calculated from the Cape Point data, both over the entire times series and with seasonal 
differentiation, compares favourably with the ratios reported by Yokouchi et al. (2017).  
 
 
Fig. 4. Relationship between ln([CH2Br2/CHBr3]) and ln[CHBr3] in air samples collected from 
Cape Point. (a) All data shown (grey circles). (b) austral Win-Spr (blue circles), (c) austral Sum-
Aut (orange circles). Note: All data are also shown in Figure b and c as grey circles. Dashed lines 
shows the general decay lines with a gradient of -0.72 and intercept of -0.07. Regression of the 
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relative data shown by the solid line.  
 
4. Conclusion   
 
The data presented here represents the first CH3I, CH3Br, CH2Br2, and CHBr3, data series for 
two extended time periods (Sum-Aut and Win-Spr) from a southern African marine 
environment. The mean baseline atmospheric mixing ratios for CH3I, CHBr3, CH2Br2 and CH3Br 
at Cape Point from combining both time period data series were established as 0.61 ± 0.29, 2.02 
± 0.89, 1.08 ± 0.18 and 6.09 ± 0.50 ppt, respectively. While the mixing ratios of CH2Br2 and 
CH3Br showed no seasonal variation, a higher mixing ratio of CHBr3 and a lower mixing ratio of 
CH3I, were observed during the austral Win-Spr months. Concentration-weighted trajectory 
(CWT) analyses indicated that the Southern Ocean is a significant source of these halocarbons. 
Only the source of CH3I showed a strong seasonal variation. An analysis of the 
ln([CH2Br2]/[CHBr3]):ln([CHBr3]) ratio would suggest that there are greater atmospheric 
[CHBr3]:[CH2Br2] source ratios in air masses arriving at Cape Point during the austral Sum-Aut 
months compared with austral Win-Spr. This study underlines the importance of the Cape Point 
GAW station in increasing our understanding of the contribution of the Southern Ocean to 
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